The evolution of landscape over time is a central aspect of geological, paleogeographical and geomorphological studies. Volcanic features like cinder cones offer the opportunity to monitor the processes and development of the landscape. Cinder cones are perhaps the simplest and most common volcanic landforms in the world. Morphological and morphometric study of cinder cones has proven an efficient tool for determining their relative dates, and the erosional processes affecting them. The extensive Kamchatka volcanic province (Russian Far East), with its large Tolbachik cinder cone field, is an excellent case study for spatial and temporal classification and calibration of changes in morphometric values with time. We show how the morphological and morphometric values of the monogenetic cinder cones, measured in the field and by digital elevation models, can be used to validate their age and erosional processes. Field data were GPS measurements of cinder cones formed at the Tolbachik 1975-1976 eruption and of Holocene cinder cones; erosion processes on the cinder cones and lava flows were identified and evaluated. For every studied cinder cone morphometric parameters were assessed on the basis of remotely sensed data and digital elevation model. Morphometric measurements were taken of cone height and slope and average axis diameter and the height-width ratio was obtained. The comparison of morphometric parameters calculated from ASTER DEM and topographic map clearly supports the concept of relative morphometric dating as the most recent cinder cones are always associated with the highest slopes and h/W ratio. The measured morphometric values of the recent Tolbachik cinder cones are valuable benchmark data for determining erosion rates, such as the measured values for the Paricutin cone in Mexico after the 1943 eruption. The variability of the morphometric values of the recent cinder cones is due to their lithological coarse composition. A comparison with the older cinder cones in the area shows that the climatic conditions of the Kamchatka peninsula and the slow development of vegetation cover determine a high rate of erosion and rapid change in the morphometric values, as compared to published values for other volcanic fields.
Introduction
Morphological studies of volcanic landforms have multiplied in recent decades, primarily after the eruption of St Helens volcano in 1980 and in the light of the need to interpret extraterrestrial morphologies (Wood, 1980a; Thouret, 1999) .
Cinder cones are "perhaps the simplest and most common volcanic landforms in existence" (Wood, 1980b) . It is probably the only one on the globe with a distinct and defined initial date of formation, and lasting no more than a few million years, before erosional processes flatten it, a short time in the earth's geological history. Morphological and morphometric study of cinder cones has proven an efficient tool for determining their relative dates of cinder cones and the erosional processes affecting them (Wood, 1980b; Hasenaka and Carmichael, 1985; Hooper, 1995; Inbar and Risso, 2001; Parrot, 2007) . Such analyses generally attempt to measure the morphometric values of cinder cones, e.g. height, diameter, and slope, and the relations among them. The evolution of cinder cones erosion might be associated to the period of time of exposure to degradation processes. The progressive change of morphometric parameters with increasing of age is the basis for relative dating of cones by comparative measurements (Wood, 1980a; Hooper and Sheridan, 1998) .
The evolution of landscape over time is a central aspect of geological, paleogeographical and geomorphological studies. Recent volcanic features like cinder cones offer the opportunity to monitor the processes and development of the landscape. Morphometric and morphological studies, together with remote sensing, tephrochronology and methods of absolute dating, are efficient tools for determining ages of cinder cones, their morphological evolution and spatial-time development of aerial volcanic fields all over the world and in extraterrestrial conditions.
The large Kamchatka volcanic field (Russian Far East), with probably the largest number of monogenetic cinder cones in the world, is an excellent case study for spatial and temporal classification. Many zones of monogenetic volcanism exist, with tens of cinder cones (such as the Tolbachinsky, Tolmachev and Sedanka fields), and fields of parasitic cones on the slopes of large volcanoes (such as Kliuchevskoy plateau). Cones are located all along the~1000 km of the Kamchatka volcanic belt, at various elevations above sea level; they are of different types of pyroclastic components. In particular, they are located at various distances from large volcanic centers, that is, they are covered by soil-pyroclastic successions of different thickness, and this influences their morphometric features.
Kamchatka peninsula, like many other volcanic areas of the world, is blanketed by a soil-pyroclastic cover, representing the alteration of ashes of different volcanoes and buried soils (peat) or sandy loams. This cover is a few tens of centimeters thick in areas far from the active volcanoes and increases up to several meters at their source. The continuously accumulating soil/peat-pyroclastic successions in the areas under the Late-Pleistocene glaciation are usually of Holocene ages; older covers have been eroded by series of glaciations.
The Late Pleistocene and Holocene cinder cones are well preserved in Kamchatka while older forms (e.g. of Early-Middle Pleistocene age) are markedly eroded due to geomorphic processes, particularly during the last stage of the Pleistocene glaciation.
Unlike other large volcanic fields with hundreds of monogenetic cinder cones, such as the Michoacan-Guanajuato (Mexico), San Francisco (Arizona, USA), Andino-Cuyano (Mendoza, Argentina), Tenerife (Canary Islands, Spain) and Hawaii with a long list of published works (Scott and Trask, 1971; Porter, 1972; Bloomfield, 1975; Settle, 1979; Martin del Pozzo, 1982; Dohrenwend et al., 1986; Wolfe et al., 1987; Hooper, 1995; Inbar and Risso, 2001; Dóniz et al., 2008, among others) , the Kamchatka cinder cone field enjoys few morphological studies (Syrin, 1968; Dirksen and Melekestsev, 1999) ; no detailed morphometric work at all has been published on this volcanic province.
The introduction of digital elevation models (DEM) as digital representation of surface topography has made precise quantitative estimation of cinder cone characteristics, possible. Parrot (2007) presented a method for accurate calculation of various geomorphic parameters from high-resolution DEMs (Chichinautzin Range Volcanic Field, Mexico) to simulate the evolution of a given shape and then to estimate the volume of material removed during erosion. Kervyn et al. (2008) performed a comparative analysis of the accuracy of DEMs provided by ASTER (Advanced Space-borne Thermal Emission and Reflection Radiometer) and SRTM (Shuttle Radar Topographic Mission), focusing on retrieval of quantitative morphometric data for moderate and small-sized volcanic features.
The aims of this study were: a. to examine the morphology and morphometric relationship among the monogenetic cones in the Kamchatka cinder cone field, with measuring to be done mostly in the field; and b. to analyze their relative ages as compared with absolute dates. This would allow a new interpretation of the sequence development of the volcanic field, as well as the rate of erosional processes in the climate of the Kamchatka Peninsula compared with volcanic fields in different climates in the world to examine the consistency of morphometric characteristics estimated from digital elevation models (DEM) of nine monogenetic cones within the Tolbachik volcanic field. Four "new" cinder cones were recently formed during the Great Fissure Tolbachik Eruption (GFTE) of 1975-1976 and five "old" cones were formed during the last 1700 years.
Physical background
Kamchatka forms the northern segment of the Kurile-Kamchatka island arch which is a part of Pacific "fire ring." This peninsula extends for ca 1300 km, SW to NE between 51°and 62°N. Kamchatka and the adjacent Kurile Islands are the above-water part of a 2000-km asymmetrical range, separating the Sea of Okhotsk from the Pacific Ocean (Ponomareva et al., 2001 ), underwater part is 300-700 km wide; the maximum width of the landmass is 420 km. Main property of the last 100 million years of Kamchatka geological history is the continuous magmatic and volcanic activity proceeding at varying intensity over time. For most of the Cenozoic period an orogenic foldbelt was developed, and in the Pliocene-Pleistocene a volcanic arch developed with adequate volcanic processes and landforms.
The modern climate is very humid in most of the peninsula, with precipitation rate ranging from 2500 mm/year on the east coast to 500-800 mm/year in the central part of Kamchatka. Winters are cool and snowy and summers are wet and cloudy (Solomina et al., 2007) .
The Tolbachik cinder cone field is one of the youngest volcanic landforms in Kamchatka, located in the SW part of the Kliuchevskaya volcanic group, which is the largest in Kamchatka (Fig. 1) . The Tolbachik field is a huge, inclined lava plane, formed as a result of abundant eruptions of many cinder and lava cones and some fissure eruptions, with a total surface area of 875 km 2 and these volcanic centers are related to the 70-km long Tolbachik regional cinder cone zone. This zone has a NNE bearing (azimuth 20°-25°) in the south crossing the Plosky Tolbachik volcano, and changing direction to NE (azimuth 40°-45°) (Fig. 1) .
Tolbachik -chronology of eruptions
The Tolbachik cinder cones erupted during the last ten kiloyears (ky) at 200-2500 m a.s.l. The lower time boundary estimation was based on the evidence that the moraine of the last Upper Pleistocene glaciation was covered by lava and pyroclastic deposits of the oldest cinder cones. The age-related cinder cone groups were subdivided based on tephrochronological studies together with extensive radiocarbon dating. The following cinder deposits of catastrophic volcanic eruptions were used as marker ash layers (Braitseva et al., 1993) : Young Shiveluch, Ksudach, Khangar and Kizimen. As a result, six age-graded groups were defined:
(1) 10-7.5 ky (2) 7.5-2 ky (3) 2-1.5 ky (4) 1.5-1 ky (5) 1-0.3 ky (6) Recent eruptions (1740, 1941 and 1975-1976) The last, huge eruption of 1975-1976 was the youngest volcanic episode of the Tolbachik field activity during the Holocene; and there were ca 60 volcanic episodes during the last 10-11 ky. During the last 2 ky large cinder cones were formed, composed of magnesia basalts, like the northern cones of the GFTE. Cones formed earlier are far smaller in size and volume. Despite the short-term span of cinder cone existence (only 10-11 ky) their surface morphology (especially of the oldest cones) notably changed (Fig. 2) .
The 1975-1976 eruption
The Great Tolbachik Fissure Eruption (1975 Eruption ( -1976 (Braitseva et al, 1997) .
Remarkably, the previous eruption which took place in 1941 had similar eruption dynamic, parameters (i.e. rate of pyroclasts and lava volume) and chemical composition to those of the Northern Fissure eruption. We can reasonably assume that the above peculiarities of magnesia basalt cinder cone formation and the dynamic parameters of their eruption had been characteristic for the older cinder cones which started forming at the Tolbachik field ca 2000 BP (Braitseva et al., 1997) .
The Southern cone appeared 10 km SW of Cone I of the Northern Fissure at 380 m a.s.l. and erupted ca 450 days (6 times more than the Northern Fissure). Its activity was quieter version of Strombolian-type eruption. A single relatively small cone formed: its maximum height was 165 m, rock weight -0.024 × 10 9 tons (ρ = 1.5 g/cm 3 ), the volume -0.016 km 3 (together with cone fragments dragged down by lava flows). The relative height of the cone (after the eruption ceased) was 85-120 m (its base was buried under lava flows 80 m thick). The main result of the Southern cone eruption was the formation of a huge lava cover (S = 35.87 km 2 , V = 0.968 km 3 and weight = 2.14 × 10 9 tons).
The moderate and weak explosive activity of the Southern cone caused most of pyroclastics (53%) to accumulate on the cone itself: 47% was blown away by the wind. The lavas and pyroclastics of the South cone consist of subalkalic, aluminous basalts (50.67-50.85% SiO 2 , 4.58-4.98% MgO, 3.52-3.62% Na 2 O, 1.85-2.11% K 2 O, 133 samples analyzed) (Flerov et al., 1984) .
Methodology

Field measurements
In our fieldwork in August 2007 on the Tolbachik cinder cone field (GTFE area) we studied the morphometry of the nine cinder cones located along the main sub-meridian fault (Fig. 3) . The cones lie at various altitudes (350-1500 m a.s.l.), and the distance between the outermost Yuzhniy cone on the south and the Krasny cone on the north is 20 km (Fig. 3) . The elevation measurements were obtained as WGS84 ellipsoid heights by a Fujitsu-Siemens Pocket LOOX N560 (Sirf III GPS chipset). This handheld GPS device provides a horizontal accuracy of about 3 m and its error in elevation can be as high as 7-9 m. In total we collected GPS data at 85 locations within the study area including 73 measurements of randomly oriented elevation profiles of the nine cinder cones. We thus obtained a series of elevation profiles based on 8-10 observation points each profile (Fig. 4) .
The ground control points (GCP) were corrected to geoid heights (EGM96) and used in DEM generation, employing the DEM Extraction Module (ENVI™ 4.6). The GPS measurements were also used to evaluate the accuracy of the DEMs generated from ASTER remotely sensed data.
The recent cones are surrounded by a scoria covered plain where vegetation cover is about 10% and most of it are mosses. No vascular plants were found in the new cones. Trees in the affected area by the eruption were completely burned (Fig. 5 ) and in the cones area no burnt tree trunks remained. Most of the new cinder cones surrounding area is covered by tephra and lava, on the base of the cones megablocks were found about one meter diameter (Figs. 6 and 7) .
Depth of craters in the recent cones is about 50 m (Fig. 6 ) and they are unbreached in all the cones, except Cone N2. In all cones slopes are steep and built of about 50% of lapilli and scoria material of the surface slope. They are not dissected except for trails of big volcanic bombs. In Cone N2 "bocca lava" was found close to the crater that breached the cone flank. The old cones are eroded by breaching with broad tails in their base, as evidence of mass wasting processes.
Morphometric measurements
Morphometric measurements from the DEM derived from ASTER optical imagery with 30 m of spatial resolution were taken, and these were compared with measurements done on 1:25,000 topographic maps. For every studied cinder cone we calculated the main morphometric parameters from these two elevation data sources. They include cone height (h), steepest cone slope, major-axis diameter (d mj ), short axis diameter (d mi ), and height-width ratio (h/W), where h is the relative height and W = (d mj + d mi )/2. We took field GPS measurements (plane coordinates and elevation) of 40 locations to provide geodetic reference for DEM processing and also to validate the calculated DEMs at additional 45 locations (Fig. 8) .
Topographic maps
Cone height (h), cone width (W), h/W ratio and slope angle calculated from topographic maps are the main morphometric parameters used for determining the rate of cone degradation as a function of its exposure to erosion (Wood, 1980a, b) . The standard definition of these parameters is based on measurements derived from topographic maps. In Hooper and Sheridan (1998) cone width is calculated as the average of the maximum and minimum basal diameters for each cone and cone height is defined as the difference between average basal elevation and maximum crater rim or summit elevation. The methodology adopted to measure the morphometric parameters over topographic maps is similar to that introduced by Wood (1980a) and summarized by Hooper (1995) . Cone basal diameter was measured from topographic maps and calculated as the mean of the maximum and minimum basal diameters of each cone. Cone height was measured as the difference between the highest and the average basal elevation.
The mapping of erupted material from four cinder cones was carried out already during GFTE whereas the entire Tolbachik volcanic field was topographically surveyed at a scale of 1:25,000 in 1976-1980. In this study we used topographic maps of the Tolbachik volcano field on a scale of 1:25,000 were used for calculation of morphometric parameters and for providing comparable basis with DEM-based morphometric measurements ( Fig. 9a and b) .
ASTER DEM
The present research uses remotely sensed imagery of ASTER (Advance Space-borne Thermal Emission and Reflection Radiometer). This is cloudless (March 2004) Level 1A ASTER image products (Reconstructed Unprocessed Instrument Data V003) and orthorectified Level 3 images. The visible near infra-red sensor of Level 1A ASTER products (with 15 m of spatial resolution) includes nadir- looking (VNIR3N) and backward-looking (VNIR3B) scenes of the same point on the surface. This creates the effect of automatic stereo correlation which is used for DEM generation with spatial resolution of 15 m. Generally, the root mean square error (RMSE) in ASTER DEM elevations ranges from ± 7 m to ± 15 m, depending on availability and quality of GCPs (known ground control points) and image quality (Hirano et al., 2003) . In vegetationless areas ASTER digital elevation models are expected to approach a better vertical accuracy (about 10 m) (Goncalves and Oliveira, 2004; Hirano et al., 2003) which allows morphometric measurements with accuracy similar to medium-scale topographic maps (1:50,000).
The procedure for deriving DEM from ASTER data began with a definition of the study area (Tolbachik volcano field) cropped from the entire ASTER imagery (60*60 km), for VNIR3N and VNIR3B bands. The next step was orthorectification of these two bands by rational polynomial coefficients (RPC) of sensor geometry, accordingly to image metadata and ASTER product documentation. Then DEM was generated by means of the ENVI 4.3 DEM extraction wizard using the orthorectified VNIR3N band as a left stereo image and the orthorectified VNIR3B band as a right one. In this process RPC are used to generate tie points and to calculate the stereo image pair relationship. The availability and accuracy of ground control points that can be located precisely on ASTER stereo pairs determine the accuracy of the absolute orientation. Accordingly, we used field GPS measurements of 40 locations covering nine cinder cones as ground control points to tie the horizontal and vertical reference systems to UTM geodetic coordinates. As a result absolute horizontal and vertical orientation was achieved. The final DEM was generated at spatial resolution of 30 m. Holes in the generated DEM were filled by automated interpolation, and then smoothed by 3 × 3 low-pass filter to reduce the effect of possible artifacts caused by enhanced recognition of topographic features. For visualization of the obtained DEM (Fig. 10 ), isolines were generated and then each studied cinder cone was topographically separated from the surroundings, accordingly to basal isoline.
Definition of the base of a cinder cone allows for the separation of each cinder cone from its topographic vicinity. In our study the base of the cinder cone was allocated by the lowest elevation isoline with an average of slope pixels more than 5°. The basal plane elevation was estimated as the average elevation value of all DEM pixels located along the basal outline. Then we calculated the slope of the cinder cone as the average of pixel slope values situated along the steepest profile with the greatest elevation difference (cone height, h) between the highest cone point and the basal outline on the shortest horizontal distance. The basal isoline was fitted to an ellipse shape by means of an ad-hoc developed IDL program, to facilitate the width measurements. Then the cone width (W) was calculated as the average of the maximum and minimum axes of this ellipse.
The slope is usually defined as a plane tangent to a topographic surface of the DEM at a given pixel (Burrough, 1986) . To derive the slope information from the ASTER DEM, the topographic modeling procedure of ENVI 4.3 was performed to produce slope values in degrees for every pixel in the DEM. Thus, the steepest slope of the cinder cone was calculated as an average of pixel slope values for the profile with the highest run/rise ratio (largest elevation difference between the cone's highest point and the basal isoline on the shortest horizontal distance).
Results
Morphometric parameters of nine cinder cones on the Tolbachik volcano field were calculated from ASTER DEM and topographic maps (Table 1 ). All these cinder cones are higher than 50 m and could be easily identified on the landscape by visual examination of a threedimensional view of DEM (Fig. 11) . For all observed cinder cones the volume values (in km 3 ) were derived from ASTER DEM. The studied cinder cones were divided into two groups, according to age of eruption. The youthful cones formed during the last Tolbachik eruption (1975) (1976) and the older ones during last 1500-1700 years which were dated by tephrochronology and 14 C. The field GPS measurements of these cones show the cross-section elevation profiles (Fig. 4) . Some morphologically complex cones in ASTER DEM (with fewer GCPs) were subject to error, due to excessive interpolation (e.g. Cone N3) or because of blunder artifacts (e.g. Krasniy cone). Fig. 11 shows a general view of the observed cinder cones (accordingly to ASTER DEM) which vary in size, morphology complexity and the volume of pyroclastic material (Table 1) .
The cones height value derived from the ASTER DEM and from the topographic maps are similar, ranging from~50 to~240 m. The main morphometric parameters of slope and height/base ratio according to ASTER DEM (30 m of grid cell) prove significant correlation with old and new cone age groups (Table 1) . In all studied cones of ASTER DEM the highest slope values correspond to the recent cones (Table 1) . The average slope for the recent cones group is 31.9°(ASTER DEM) and 31.7°( MAP); the "old" cone group shows considerably smaller average slope values: 26.3°and 27.1°, respectively. Association of high values with modern cones is also evident in h/W ratio (except Cone N3 and Cone Krasniy). Average values of height-base ratio are: 0.22 (ASTER) and 0.21 (maps) for recent cones; 0.17 (ASTER) and 0.16 (MAP) for older cones. A possible reason for discrepancy of h/W ratio of Cone N3 and Cone Krasniy might be the comparatively complex morphology of these constructions, which have an effect on the measurements. By definition ASTER data have lesser spatial and height accuracy than the topography map; nevertheless in our case similar morphometric characteristic were obtained. This finding also verifies the reliability of DEM-based volume calculations. In the "old" cone group the cones of smaller volume have been associated with smaller h/W ratio. The h/W ratio reflects the cone's degradation rate, decreasing with age, as material is removed from the crest to the cone base. For recent GFTE cones the obtained h/W values were above 0.18 and actually reached 0.26 for Cone N2 according to ASTER DEM measurements (0.24 according to the topographic map). The average h/W ratio of cinder cones dated as several thousands of years was about 0.15 for DEM and maps measurements. Despite the appearance of small-scale artifacts (caused by stereo pair matching) the concentration of field GCPs over the studied cones led to their realistic representation in ASTER DEM (Fig. 11) . The spatial accuracy of ASTER DEM has been evaluated by comparison of DEM value to field ground control points ( Table 2 ). The evaluation of horizontal and vertical root mean square error (RMSE) of each cinder cone has demonstrated acceptable level of accuracy, typical for DEMs derived from ASTER data. In all cinder cones vertical errors were significantly higher than horizontal, especially among old cones where vertical error often appeared about three times greater than horizontal.
Discussion
The evolution of the Tolbachik volcanic landscape, 31 years after cessation of the volcanic activity, with a number of recent monogenetic cinder cones offers the opportunity to learn about the development of the landscape, a central issue in geomorphologic studies. The h/D ratio values for the recent cones as high as 0.21 (ASTER DEM) or 0.27 (MAP), are consistent with the published data for several areas in the world in different climatic conditions (Inbar and Risso, 2001 ). There is a clear relationship between slope and h/W ratio, according to Woods (1980b) predicted curve (Fig. 12) The Tolbachik cones have high slope values like the Paricutin, Navidad and other new cones (Moreno and Gardeweg, 1989; Inbar et al., 1994) . This paper assessed the capability of remotely sensed ASTER DEM for morphometric measurements of cinder cones on the example of the Tolbachik volcanic field in Kamchatka. The morphometric parameters of cone slope, height and width were calculated from the remotely sensed DEMs and compared with the morphometric parameters measured from the topographic map (Table 1) .
Morphometric parameters were calculated for the nine cinder cones studied, divided into two age groups of recent and older cones. ASTER DEM and topographic map were compared to assess different methods on morphometric measurements of height, width, h/W ratio and slope. The morphometric parameters calculated from ASTER DEM and topographic map are numerically different from each other but well correlated with age groups of cinder cones. For example, calculated from both ASTER DEM and topographic map, all the four recent cones have the highest slope values; the two cones with the highest slopes (Cones N1 and N2) correlate with the highest values of h/W ratio ( Table 1) .
The comparison of morphometric parameters calculated from ASTER DEM and topographic map clearly supports the concept of relative morphometric dating as the most recent cinder cones are always associated with the highest slopes and h/W ratio (Table 1) . However, in DEM spatial resolution controls the ability to represent local topography of cinder cones by interpolation of elevation data points in the vicinity of breaks in slope. From other hand, the morphometric measurements from topographic maps might be affected by subjective decisions of the analyst. Thus, the straightforward numerical comparison of morphometric values calculated from DEM and topographic maps might be erroneous. In such a case, calculated morphometric parameters might be affected by smoother representation of the surface in coarse-resolution DEMs. Similarly, the comparison of DEMs of different spatial resolution when younger cinder cones depicted on a coarse-resolution DEM might result in the similar morphometric values as older cones calculated from a highresolution DEM. For correct morphometric dating of the cinder cones series we suggest the comparison of morphometric parameters systematically calculated from the one source of elevation data.
The accuracy of ASTER DEM has demonstrated typical spatial error for DEMs derived from ASTER data (Table 2) which we found suitable for morphometric measurements on small-scale pyroclastic constructions like cinder cones.
The influence of climate is reflected in the highest rates of erosion of the area, due to the harsh weather conditions. The slope angle decreases from an initial value of 31°-34°for the 1975 cones to 25°-29°for the cones 1500-2000 years BP. The Paricutín cone in Mexico erupted in 1943 had an initial slope of 31°to 33° (Segerstrom, 1950) declining slightly to 32°and 31°, 45 years later (Inbar et al., 1994) . There is a rapid decline of the slope values in the first stage of erosion. Recent cones on Mt Etna show a similar slope decrease of 10 degrees in only 450 years (Wood, 1980b) . Cone evolution shows erosional rounding of rim and deposition at base, in accordance with linearly slope-dependent transport models (Pelletier and Cline, 2007) .
The measured morphometric parameters of the recent Tolbachik cinder cones are important for determining erosion rates, as the measured erosion values for the Paricutin cone after the 1943 eruption (Segerstrom, 1950) and the Navidad cone erupted in December 1988 in Chile (Moreno and Gardeweg, 1989) . A comparison with the cinder cones older by several millennia in the area shows that the climatic conditions and the slow development of vegetation cover determine high rates of erosion and rapid change in morphometric values. Variability in morphometric values of the recent cinder cones is due to their lithological coarse composition.
Peaks of erosion occurred probably in the first stage of 1 or 2 years after the eruption, with the stripping of the fine ash material, as recorded in several volcanic areas of the world (Swanson et al., 1983) . Accelerated peaks of erosion were also measured after forest fires in non vegetated areas (Inbar et al., 1998) .
The morphometric parameters of the recent Tolbachik cinder cones serve as a valuable benchmark data for determining erosion rates and future research on the geomorphological evolution of volcanic landscape.
The erosional processes in the climatic conditions of the Kamchatka peninsula are more intensive than the published values for other cinder cones in volcanic fields (e.g. the subtropical climate of the Mexican Volcanic field (Hooper, 1995) , the semiarid climate of Payun Matru Volcanic Field (Inbar and Risso, 2001) , or the Mediterranean climate of the Golan plateau (Inbar et al., 2008) showing measurable morphological changes in the range of thousands of years. Wood (1980b) . Note that numeration of Kamchatka cones conforms their order in Tables 1 and 2 . 
